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Abstract 

(D : 

. We calculate the tree-level oblique corrections to electroweak precision observables gen- 

erated in higgless models of electroweak symmetry breaking with a 5D SU(2)ixSU(2)/j 
x\J{l) B-L gauge group on a warped background. In the absence of brane induced ki- 
netic terms (and equal left and right gauge couplings) we find the S parameter to be 
5^ I ~ 1.15, while T ~ [/ ~ 0, as in technicolor theories. Planck brane induced kinetic 

terms and unequal left-right couplings can lower S, however for sufficiently low values 
of S tree-level unitarity will be lost. A kinetic term localized on the TeV brane for 
SU(2)£) will generically increase S, however an induced kinetic term for \]{1)b-l on 
the TeV brane will lower S. With an appropriate choice of the value of this induced 
kinetic term S" ~ can be achieved. In this case the mass of the lowest Z' mode will 
be lowered to about 300 GeV. 



1 Introduction 



Finding the correct mechanism for electroweak symmetry breaking is perhaps the most 
important problem facing particle physics. The simplest possibility is via a standard model 
(SM) Higgs field, however the mass of such a Higgs is unstable to radiative corrections. The 
usual ways to overcome this problem is either to assume that the Higgs mass is stabilized 
by supersymmetry, or that electroweak symmetry is broken dynamically by some interaction 
becoming strong around the TeV scale. Extra dimensions may also offer possible ways 
of stabilizing the Higgs mass against radiative corrections, either by lowering the scale of 
gravity in large extra dimensions [1], by localizing gravity away from the SM fields in the RS 
model [2], or by the Higgs secretly being the scalar component of an extra dimensional 
gauge field [3] (the 4D implementation of this last approach leads to the recently proposed [4] 
little Higgs models). However, extra dimensions could not only offer new ways to stabilize the 
Higgs mass, but also a completely new mechanism to break the symmetry itself without the 
existence of a Higgs: boundary conditions at the endpoints of a finite extra dimension could 
break a gauge symmetry, in which case unitarity of the scattering amplitudes of massive 
gauge bosons (GB's) is not cured by the exchange of the physical Higgs scalar, but rather 
by the exchange of a tower of massive KK gauge bosons [5] (see also [6]). A toy model 
with massive W and Z bosons of this sort was presented in [5] . In order to find a realistic 
higgsless model of electroweak symmetry breaking one needs to overcome several problems. 
The first is the question of how to ensure that the boundary conditions (EC's) give the right 
M\y/Mz mass ratio. The correct tree-level prediction is usually ensured by a custodial SU(2) 
global symmetry in the sector that breaks the electroweak symmetry. The way to implement 
custodial SU(2) in an extra dimensional theory is by putting SU(2)LxSU(2)ij gauge bosons 
in an anti-de Sitter (AdS) background [7]. The reason behind this lies in the holographic 
interpretation of an AdS bulk: it is supposed to correspond to a four dimensional conformal 
field theory (CFT) which has a global symmetry dictated by the gauge symmetries in the 
bulk. Those symmetries broken on the Planck brane (the UV brane) will be interpreted as 
global symmetries, while those unbroken will remain as weakly gauged global symmetries 
of the CFT all the way down to the TeV scale. Based on this insight, [8] considered a 
5D gauge theory on an AdSs background with SU(2)LxSU(2)ijxU(l)B-L gauge bosons in 
the bulk. SU(2)i^xU(l)B-L is broken to U(l)y on the Planck brane, leaving the broken 
generators as global symmetries (and thus ensuring the custodial SU(2) symmetry necessary 
for recovering the GB mass ratios). On the TeV brane SU(2)x,xSU(2)ij is broken to SU(2)£) 
thereby breaking electroweak symmetry.* This theory could be considered as the AdS/CFT 
dual of walking technicolor [10]: the CFT runs slowly until energies where the TeV brane 
appears and electroweak symmetry is broken. It was shown in [8] (and in [11] for the same 
model with an enlarged parameter space) that the leading SM predictions are recovered in 
this setup: one gets the correct W/Z mass ratio and coupling to fermions localized close to 
the Planck brane. The KK modes of the W and Z are heavy enough to have escaped direct 

* Alternatively a model in flat space can be constructed, where the approximate custodial symmetry is 
enforced [9] by introducing large kinetic terms localized on the SU(2)i xU(l)y brane with the effect of 
pushing the wavefunctions away from the location where the custodial symmetry is broken. 
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detection, but just light enough to unitarize the scattering amphtudes. For the simplest 
choice of parameters the first of these KK modes would appear at around 1.2 TeV. 

Two important issues have to be addressed to make the model completely realistic: how 
to generate fermion masses in the absence of a Higgs scalar, and how large the corrections 
to electroweak precision observables would be. In [12] (and also in [8,9,11]) it has been 
shown that it is possible to obtain a realistic fermion mass spectrum in this model: the 
unbroken gauge group on the TeV brane is non-chiral, so an explicit mass term can be added 
there. In order to lift the SU(2)/:) degeneracy, mixing with Planck brane localized fermions 
can be added (which is equivalent to adding different brane localized kinetic terms for the 
right handed up vs. down type quarks, or neutrinos vs. charged leptons). The issue of 
electroweak precision observables in higgsless theories was first discussed in [9], where it was 
argued that in generic higgsless models there will be an S parameter of order one generated 
(analogously to technicolor theories). In this paper we investigate the tree- level oblique 
corrections to electroweak precision observables in the warped higgsless model in terms of 
the input parameters of the theory. We find, that in the absence of brane induced kinetic 
terms (and equal left and right couphngs) S ~ 1.15,7" ~ [/ ~ 0. Unequal L,R couphngs 
or Planck brane induced kinetic terms can lower S to acceptable values only at the price of 
losing tree-level unitarity (thus entering a strong coupling regime). TeV brane induced SU(2) 
kinetic terms generically raise the value of S, however a TeV brane induced kinetic term for 
the U(1)b-l gauge group lowers S. By choosing an appropriate value for this coupling one 
can obtain 5" ~ (and a moderately negative T). In this case the mass of the hghtest Z' KK 
mode is lowered to about 300 GeV. 

Note however, that while this analysis does give a large fraction of the corrections to 
electroweak precision observables, one should not directly compare the values of S, T, U ob- 
tained here to the usually quoted experimental values. The reason is that the experimentally 
allowed values of S, T, U are usually extracted from the data assuming the existence of a SM 
Higgs with a certain mass (usually 115 GeV). Here however there is no Higgs particle, so 
its contribution should be subtracted from the analysis. This procedure is however compli- 
cated by the fact that only the sum of the gauge plus Higgs sector gives a finite and gauge 
invariant contribution to the oblique parameters, so the right approach would be to replace 
this sum with the 1-loop contribution of the full KK tower of the W and Z. In addition, 
depending on the actual fermion mass model, there can be large non-oblique corrections to 
the interactions of the third generation, in particular to the Zbb vertex. These issues are left 
for further investigation. Further interesting questions regarding higgsless models have been 
discussed in [13-15]: non-perturbative arguments for unitarity of models with BC breaking 
of gauge symmetries have been presented in [13, 14], while deconstruction of the higgsless 
models was considered in [15] (see also [5]). 

This paper is organized as follows: in Section 2 we discuss the setup and the expansion 
of the wave functions to sub-leading order in l/\og{R'/R) ~ 1/30. In section 3 we present 
the calculation of the oblique corrections for the simplest point on the parameter space. In 
Section 4 we extend this calculation to asymmetric gauge couplings, and more importantly 
including brane induced kinetic terms. We show how S can be lowered using the \J{1) b-l 
induced kinetic term on the TeV brane, and briefiy discuss the properties of the lightest Z' 
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mode for the case with small S. We conclude in Section 5. 

While this paper was in preparation, two related studies [16,17] of the oblique corrections 
to electroweak precision observables in higgsless models appeared, which have a considerable 
overlap with our work. 



2 The model 

We will consider the model discussed in [8]: an SU(2)iXSU(2)ijxU(l)B_L gauge theory on 
a fixed AdSs background. We will use the conformally flat metric 

els'" = (^^^ (^rj^^dx^dx" - dz') (2.1) 

where z is on the interval [R,R']. The bulk Lagrangian for the gauge fields (after decom- 
posing the 5D gauge boson into a 4D gauge boson and a 4D scalar in the adjoint 
representation, and adding the appropriate gauge fixing terms in gauge) are of the form 

S^jd'x £ dz ^ - ^FIF'^"' - ^{d,A^^ - ^d,Aiy^ , (2.2) 

where M — 0,1,2,3,5 denotes 5D Lorentz indices while // = 0,1,2,3 are used to denote 
usual 4D Lorentz indices. = OmA^ - ^at^^ + gJ^'^'^AljA^, and the /'''"^'s are the 

structure constants of the gauge group, and we have F^^jy = {W^j'I^.W^''^, Bmn) for the 
SU(2)i, SU(2)^, U{1) B-L gauge groups. We will denote the 5D gauge couplings of these 
groups by g^L, g^R and g^. Taking ,^ — > oo will result in the unitary gauge, where all the 
KK modes of the scalars fields A^ are unphysical (they become the longitudinal modes of 
the 4D gauge bosons), except if there is a zero mode for the As's. A zero mode in A^ would 
correspond to a Goldstone boson in the holographic interpretation. Such Goldstone modes 
exist if some of the bulk gauge symmetries are broken both on the Planck brane and the 
TeV brane. In the model considered below this will not be the case, and so will assume that 
every A^ mode is massive, and thus that all the As's are eliminated in the unitary gauge. 

We denote by Af/, and Bm the gauge bosons of SU{2)r, SU{2)l and U{1)b-l 
respectively. For simplicity we will first assume g^L — g^R — g5 (later on we will relax this 
assumption). We impose the following BC's: 



Bit z^R' : 



ai z — R : 



9,(A^« + Aj^^) = 0, Afi- - Aji- = 0, d^B, = 0, 
(Af« + ") = 0, d,{A^^ - ") =0, ^5 = 0. 
d,Ai-^0, Aji'2 = 0, 
d.ig^B^ + g^A^') = 0, g,B^ - g,A^^ = 0, 
A^'^^O, >lf« = 0, ^5 = 0. 



(2.3) 



(2.4) 
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The KK expansion is given by 



B,{x,z) = ^aoi,{x) + J24''\^)Zl'\x), (2.5) 

Ai'{x,z) = -aoi,{x) + J24''\^)z!^\^), (2-6) 

fe=i 

^ oo 

^?'(^,^) = -aoi,{x) + Y,4'''\^)Zi'\x), (2.7) 

oo 

^t^i^^^) = (2-8) 

k=l 
oo 

Aj±(x,z) = 5^V^r^(^)l^('=)^(x). (2.9) 



k=l 



The Euchdean bulk equation of motion satisfied by spin-1 fields in AdS space is 

{dl--d, + q')^{z) = 0, (2.10) 
z 

where the solutions in the bulk are assumed to be of the form y4^(g)e~*''^'?/'(z). The KK mode 
expansion is given by the solutions to this equation which are of the form 

4''\z) = z (4^) Ji(g,^) + 6l^Vi(g,^)) , (2.11) 

where A labels the corresponding gauge boson. 

Next we want to do an expansion in 1/ log(-R'/ R) for the wave functions of the gauge 
bosons. When R' oo, the TeV brane is sent to infinity, and thus there is no electroweak 
symmetry breaking. So in this limit Mw, Mz —>■ 0, and the wave functions will be exactly 
fiat. For finite R', M^,Ml oc l/log(i?7i?) [8]. This means that the argument of the 
gauge boson wave function Mz is at most of order 1/ log{R' /R), thus an expansion in small 
arguments for the Bessel functions is justified and all quantities related to the light gauge 
bosons should have a well-defined expansion in 1/ log(-R'/-R). In [8] we have shown that the 
leading terms ~ 1/ \og{R' /R) in this log expansion exactly reproduce the SM mass relations 
and the SM couplings. The 1/ \og^{R' /R) will then correspond to the leading corrections to 
the electroweak precision observables. In the rest of this section we will find the corrections 
to the gauge boson wave functions to order 1/ log {R' /R), which we will then use in the next 
section to get the oblique correction parameters S, T, U to electroweak precision observables. 

From the expansion for small arguments of the Bessel functions appearing in ()2.11|) . 
the wavefunction of a mode with mass M -C l/R' can be written as (analogously to the 
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expansions in [8,18]): 



+MXz' ( - ^ + \logiz/R) 1 + 0(Ml/), (2.12) 

with at most 0(4^hog(i?7i?)), and {MR'f - 0{1/ log{R' / R)). The integrals of these 
wave functions that will be relevant for electroweak precision observables are given by (sup- 
pressing the index A): 

^^{^f ^ c^log(f)+M^i?'^(coCi-icglogf) (2.13) 



V 16 4 A) \\og% 

-[^.^(^)] ^ ^J(co(logf) - 4coCi log f + (2.14) 



+0 



1 



('ogf) 



The boundary conditions on the bulk gauge fields give the following results for the leading 
and next-to-leading log terms in the wavefunction for the lightest charged gauge bosons 

4'*' ^ c± , 4'^' = O (.,|;) « , (2.15) 
4-. . 2,, 4-..|,„,(|),o(^|, (2.16) 
while for the neutral gauge bosons we find in the same approximation 

m ^ (R3) _ _ (B) _ _ 95 95 ^2 1 71 

Co _ C , Co ~ c , Co ~ c . [Z.it) 

To leading log order we also have: 

c[''^ ^ I, (2.18) 
{R3) c gl R' c gl 

^ 95 +95 ^ ^95+95 
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To leading order inl/R and to next-to- leading order in 1/ log {R'/ R), the lightest solution 
for this equation for the mass of the VT^'s is 

while the lowest mass of the Z tower is approximately given by 

Ml = ^l+^l , ( 1 + 1 . (2.22) 

3 Oblique Corrections to Precision Electroweak Ob- 
servable s 

To calculate precision electroweak corrections we first need to choose a "renormalization 
convention." Our aim is to find a scheme in which all corrections will be oblique (that is 
the effective 4D Lagrangian describing the coupled gauge boson-fermion system only gets 
corrections in the gauge boson sector, but not the fermion sector). With bulk gauge kinetic 
terms normalized by 1/ g1 a very simple convention is to set the gauge boson wavefunction 
to be one at the location of the fermion [18]. Here we have chosen canonical normalization. 
What we need to require is that the couplings of Planck brane localized fermions give exactly 
the leading order relations for the couplings. This definition will make the corrections oblique. 
The couplings of an 811(2)^ doublet fermion to the vector gauge bosons are read off from the 
bulk covariant derivative evaluated at the location of the fermion, i.e., at the Planck brane: 



K ^ / \z=R 



aoQl, + g,i^{^{R)T^W; + g,i^f'\R) (t, + ^^^^^^^ ) Z, , (3.1 

\ g^%l)\ \R) ^ I 



where we have used the KK expansion ()2.5|) - ()2.9|) as well as the relation g^B^ = g^A^^ for 
the photon wavefunction. Y is the SM hypercharge of the fermion, Q = + its electric 
charge. Using the BC g^B^j^ = g^A^^ on the Planck brane, an identical expression also holds 
for the S\J{2)l singlet fermions that are embedded into SU(2)/j doublet representations (see 
Ref. [12] for details). 

We now have to compare these couplings with the SM ones. The first point to note is 
that in this formula, the only quantity completely fixed by the BC's, and then independent 
on the overall normalizations of the W and the Z, is the ratio of the Z couplings to the 
T3 and Y component of the fermion. Thus, in order to recover the SM couplings for the 
fermions and ensure that besides the oblique corrections there are no other corrections we 
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will have to impose that the one ratio independent of the normalizations reproduces the SM 
result: 

Moreover, due to the unbroken U(l)em it is always possible to canonically normalize the 
photon kinetic term in the effective 4D Lagrangian, thus we choose 

Z, = j\^,'<f(^^dz = j\[a,/U^ + 2[a,/g (3.3) 

Since the photon wave function is flat it is easy to find its coupling to the Planck brane 
fermions and thus define the electric charge (1/e^ = l/g"^ + 

4 = 4 = f 4 + ^1 ^ log ^IR ■ (3-4) 

The two equations ()3.2j) and ()3.4|1 completely define the 4 dimensional SM gauge couplings 
in terms of the 5D parameters. At the leading order in the log expansion, we recover the 
relations obtained in [8]: 

(3.5) 
(3.6) 
(3.7) 



= 


gi 


R\og{R'/Ry 


= 


glgl 


= 


{gl + 2gl)R\og{R'/R) 

glgl 


{gl + gl)R\og{R' / RY 


6w = 




^gl + 2^1 



sin^w = / . (3.8) 

^gl + ^gl 

Note, however, that Eqs. ()3.2|) and ()3.4|) will remain the correct definitions of the couplings 
even to higher orders in the log expansion. Furthermore, together with Eq. ()3.H) . they 
determine the remaining normalization factors that are set by requiring the correct couplings 
for the W and Z, namely: 

^75#^^(i?) = g. (3.9) 
(75#'^(i?) = gco^Qw . (3.10) 
Thus, at the leading order, the normalization coefficients in ()2.15j) - ()2.2()j) are: 

c± = ^ (3.11) 

'R\og{R'/R) ' 



gj + U 1 

gl + i~gl ^R\og{R'/Ry 



(3.12) 



ao = (3.13) 
^{gl + 2~gl)R\og{R'lR) 
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All the oblique corrections are now contained in the wavefunction and mass renormaliza- 
tions of the gauge bosons. The wave function renormalizations are given by 



Zw ^ j ["^"^fl^^dz^j {[^^^+f + [^l,R+Y)(^^dz, (3.14) 



It is convenient to define equivalent vacuum polarization functions for these wavefunction 
renormalizations. Since we have already seen that Z^ — 1, the corresponding vacuum polar- 
ization 

nQQ = ^nQQ(/)|p.=o (3.16) 

vanishes. Also, since we are doing a tree-level calculation, there is no Z — 7 mixing and thus 
rigg also vanishes. We are left with the simple relations: 

Zw = l- g^Ki , Zz = l-{g^ + 5")n:j3 • (3-17) 
With these definitions we find 

nii = n;,3 = |— 1^. (3.18) 

8 log ^ 

Similarly we can calculate the vacuum polarizations at zero momentum, corresponding to 
the mass renormalizations of the gauge bosons: 

/nn(0) = j'^{[d,^,^+f + [d,^,R+f)(^^dz, (3.19) 

(/ + ^'^)n33(o) = j"^ ([a,*^T + [^.^''T + [^.*'']') ) dz. (3.20) 

Note that HqqiQi) vanishes because the photon is exactly massless. We find 

nn(0) = 033(0) = ^- ^ + ^- — ^1 . (3.21) 

As a consistency check we can also show that the correction to the W mass is correctly 
reproduced by the H's: 



Note, that in the absence of a Higgs VEV the leading contribution to the W mass itself 
comes from nii(O), as happens in technicolor models as well. 
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The oblique correction parameters in terms of these vacuum polarization functions are 
defined as [19]: 

s = i67r(n;,3-ny, 
u = i6x(n'„-n'33). 

For fermions localized on the Planck brane we find: 

^ ~ (3.24) 

T = 0, (3.25) 
U = . (3.26) 

Thus just as in technicolor models we find that there is a large positive contribution to the S 

parameter. In technicolor language this corresponds to the effects of the CFT. The vanishing 
of T is ensured by the custodial SU(2) symmetry close to the TeV brane. These results are 
in agreement with the expectations presented in [9]. 
The experimental values of 5", T, U are [20] 

S = -0.03 ±0.11 (3.27) 
T = -0.02 ±0.13 (3.28) 
U = 0.24 ±0.13. (3.29) 

Clearly, with these central values S is too large by a factor of 5-6 in order to be consistent with 
the clcctroweak precision observables. However, the above experimental values have been 
obtained assuming the existence of a SM Higgs with mass of 115 GeV. In order to correctly 
compare this model with the experimental result, the contribution of the Higgs would have to 
be subtracted. This is however harder than it may sound at first, since the Higgs contribution 
is finite and gauge invariant at one loop only together with the contribution of the W,Z gauge 
bosons. In this model what will likely happen is that the Higgs+W,Z contributions have to 
be replaced by the full 1-loop contribution of the entire W,Z KK towers in order to obtain 
a gauge invariant answer. This would be very interesting to do, here however we will not 
follow this route, but rather try to see if the introduction of more parameters could reduce 
the size of the correction to S. 



4 Asymmetric gauge couplings and brane localized ki- 
netic terms. 

In this section, we analyse the more general case where the bulk gauge couplings of the 
SU{2)l and SU{2)r are different, g^R and g^L, and brane kinetic terms allowed by the 
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gauge symmetries of the theory are added. Some of these parameters have already been 
considered in [1 1] , where it was shown that turning on these parameters does not change the 
leading order predictions for the SM masses and couplings. The AdS/CFT interpretation of 
different left-right bulk gauge couplings is that the CFT does not have a left-right interchange 
symmetry, or in other words is a chiral gauge theory, and so in our context such models are 
analogous to chiral technicolor [21]. On the Planck brane, the only allowed kinetic terms 
involve the locally unbroken SM group SU(2)2,xU(l)y. On the other hand, on the TeV 
brane the unbroken groups are the U{1)b-l and SU{2)£,, so that their effect is to mix the 
SM gauge bosons. In the case of SU{2)u it is clear that there is a direct contribution to the 
S parameter, not suppressed by a log. In both cases there will be corrections to T, and 
U even when the wavef unction is only kept to leading log order. For this reason we will deal 
with the TeV brane induced terms separately. 



4.1 Planck brane kinetic terms. 

The bulk Lagrangian is as in ()2.2|) . except now (75/, 7^ g^ji. The localized Lagrangian on the 
Planck brane is: 



C 



PI 



r 2 r' 1 
-W H 



m\2 



5{z - R) 



(4.1) 



^9tR + U 

where the parameters r and r' have dimension of length. The presence of the localized kinetic 
terms modifies the BC's for the gauge bosons which now read: 



aX z = R' : 



at z = R : 



{g^RAt + 95lA^'') = 0, d^ig^LA^- - g^Af'^) =0, B, = 0. 
( d^Af^"" + rM'^Af^" = 0, A^^'^ = 0, 

d.ig^RB, + ^5^f ) + r'M\g,nB^ + ~g,Aj^^) = 0, 



- g^RAf' 
Ak" = 0, A 



Ra 



= 0, 

0, 55 = 0. 



(4.2) 



(4.3) 



Following the steps outhned in the previous section, and also including the effect of the 
localized Lagrangian in the wave function renormalization factors Z, the SM gauge couplings 
are defined by 



R\og\+r 



9' 
1 

~J2 



EL 
R_ 

91l 



i? log ^ + r' 



91r 



~9l 



(4.4) 
(4.5) 



With these definitions, all the SM relations are satisfied at leading order, so that the oblique 
corrections are suppressed by powers of log R! j R. There are three extra free parameters: the 
ratio g^R/g->L, r and r' . 
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The BC's in Eq. fj4.2|) - ()4.3|) also modify the mass eigenvalues. For istance, the equation 
determining the tower of W masses is: 

5'5l(-Ro - Ro){Ri - Ri) + 91r{Ri - Ro)iRo - Ri) + 

(gL + gDiRi - Ro){Ri - ^O^^^^^ = o ' (4-6) 



where the ratios i?o,i and Rq i are defined by 

YijMR) 

Ji{MR) ' Ji{MR') 

The lightest solution is: 



fl..l<m. = (4.7) 



Analogously, for the Z mass we find: 

Ml = - ^ ^ ' ^ ^ I 1 + Z 1 ^ ' ^ r I (4 9) 



^ 1 g^ + g'^ 1 / 2 1 + t;^^ 3_ 



Applying the same formalism as in the previous section for the wavefunction and mass 
renormalizations we find: 

nii = n33 = I . , ^ . , (4.10) 

8l + %^l+ fliogflVfl ^^Qgf 

nn(o) = n33(o) = 1 I ^ - .p,.i + ^(77^) • (4-11) 

As before, we can also reproduce the correct W mass in Eq. (j4.8j) via the relation: 

M^ = g^U^,ml + g^U[,) . (4.12) 

Note that since the photon is still exactly massless, IIqq{0) = and there is no Z — 7 
mixing. Moreover, r' only appears in the definition of g' and in higher-order terms, so it will 
not appear in the leading oblique corrections. 

In the localized fermion approximation, we find 

S ^ R' 1 I ^ ' ^4-^3) 

T ^ 0, (4.14) 
[/ ^ . (4.15) 
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Note that both the leading contribution to the S parameter and the W mass square are 
multiphed by the same suppression factor. This means that if we want to lower the numerical 
value of S in Eq. ()3.24|) by a factor of 10, the value of R' decreases by a factor of 1/a/TO. 
Indeed, we have numerically checked that the mass of the first W resonance is increased 
from ~ 1200 GeV to ~ 3800 GeV. This means that increasing the ratio q^r/ g^L or r is not 
an effective way of reducing the contribution to the S parameter: as 5* gets reduced, the KK 
modes of W and Z get pushed to higher values, and thus perturbative unitarity will be lost 
when Mw'.Mz' get pushed above 1800 GeV. After that a tree- level calculation is no longer 
reliable, therefore a claim that for such parameters S is significantly reduced is probably also 
not reliable. 



4.2 TeV brane kinetic terms: linear analysis 

The localized Lagrangian on the TeV brane is 



brane 



R!_ 



—B 



T 

+ - 



4 gin + gL 



{g^RWi, + g,Lw;!J)' 



6{z - R!) 



(4.16) 



where the parameters r and r' have dimension of length, and the modified BC for the gauge 
bosons are: 



aX z = R! 



at z = R 



d.igmAj:^ + g.LA^'') - TM%{g,nA^^- + g.^A^-) = 0, 
^?5lA^" - g.RA^'^ = 0, d,B^ - t'M%B^ = 0, 
{g^RAl^" + ^75L^^) = 0, 5,((75L^P - g.RA^'') = 0, B, 
85 Aj;"" + rM^Aj;'' = 0, = 0, 

d.ig^RB^ + ^5^f ) + r'M\g,RB, + ~g,A^^) = 0, 

^s^M - 95rA^'' = 0, 

0, B, = 0. 



(4.17) 



0. 



(4.18) 



« = 0, A^^ 



As already mentioned, such kinetic terms are not diagonal in the SM gauge group, so 
they can make a large contribution to the S parameter. We therefore expect a contribution 
unsuppressed by log R' /R, that can in principle cancel the contribution found in the previous 
subsection. In order to identify the leading contribution, we only need to expand the wave 
functions to order 1/log. We will then expand the results for small kinetic terms, allowing 
also to simplify the analytical formulae. 

At leading order in the log, the SM gauge couplings are set by the following relations, 
which follow from Eqs. (j3.2p and (j3.4p (where the localized terms are taken into account in 
the normalization): 

1 RlogR'/R + r + T R\ogR'/R + r' + T RlogR' / R + r' + t' 



J2 



~g^^?\R) 
g^L4''\R) 



+ 



91r 



~9l 



(4.19) 
(4.20) 



12 



where the latter is completely determined by the BC's (independent of the normalization of 
the wave functions). 

Linearizing for small t / {R\ogR' / R) <^ 1 and r' / {Rlog R' / R) <^ 1, it follows 



1 R\ogR'/R + r + T 



(4.21) 



9^ all 

1 _ RhgR'/R + r' + T R\ogR'/R + r' + t' 
9'^ 91r 9% 

The W and Z masses are also corrected by 

1 - -T^-^T^n^l , (4-23) 



Ml 


= 


Ml 


= M|o 



9lR + 9lLr + RlogR'/R 



91r r ( gl^g'^ 



^ 9ln + 9lLr + R\ogR'/Ry 9^9^)' ^^'^^^ 

where Mwq and Mzo are defined in Eqs. ()4.8j) - ()4.9|l . in terms of the corrected g and g' , given 
in Eqs. ^^ - Km . 

Applying the formalism from the previous section, we find the vacuum polarization func- 
tions at leading log : 

/ / 1 r 1 

= ^ gl,r + R\ogR'/R^ ' ^^-^^^ 

nn(0) = n33(0) = , , \ — ^, {l- , .(4.26) 

1 + %^ 1 + RiogR'/R 9^R'^ log f V r + R\og R'/RJ 

As before, we can also reproduce the correct W mass in Eq. (j4.8j) via the relation: 

Ml = g'n^,iO){l + g'U[,) , (4.27) 

and analogously for the Z mass. Note that again the photon is exactly massless (nQQ(O) = 0) 
and there is no Z — 7 mixing. 

In the localized fermion approximation, we find 

'^l + 4,r + R\ogR'/R ' ^^-^^^ 

sir 

ST ^ , (4.29) 
SU ^ . (4.30) 

Note that in order to obtain the full expression for S, (I4.13p has to be added to the result 
above: 

67r 2 l/4r\ 

^ ^72iogi?7i?i + %i + 7?OT V ^sr) ■ ^ -^^^ 

13 



This means that S would vanish if r ~ — 3/4i?. In this case the expansion parameter used 
in the computation is still small, being divided by a log. However, the wrong sign kinetic 
term introduces a tachyonic solution in the spectrum of the W^s. For small values of r, the 
mass can be large and well above the cutoff of the theory, but we have checked that in order 
to cancel S a tachyon at around 800 GeV appears. 

4.3 TeV brane kinetic terms: beyond linear perturbation for the 
B — L kinetic term 

As we have seen in the previous subsection, the B — L kinetic term r' does not correct the 
oblique parameters at linear level. However, as we are going to show now, at the non-linear 
level it provides a negative contribution to the S parameter. We are going to show this result 
by working analytically to quadratic order in an expansion in t' / {Rlog R' / R) . We will also 
give numerical results beyond this quadratic level to emphasize that the negative contribution 
to S is not an expansion artifact. Since our point here is not to give a general analysis of 
the parameter space but simply to exhibit a way to suppress S, we analyse the simple case 
where the other localized terms are negligible and g^L — QbR — 95- It is straightforward to 
follow the same formalism, so that at leading log and quadratic order in r' we find: 

1 

= ^ -2{gl + ~gl)RlogR'/R' ^^"^^^ 
nii(O) = (4.33) 

^ J-(^^%&(^)- 

In this simple case, the only free parameter that we have at our disposal is the value of 
the localized kinetic term, r'. The values of the 5D gauge couphngs, g^ and g^ are related 
to the SM gauge couphngs, at the quadratic order in r', by 

4 + 4 = ^f2+fl+ ^. I) i?log f , (4.35) 

9^ 9^ 9i\ V R\ogR'/RJ gi) R 

9l _ 9'- g'^ ( r' g^ - g'^ r'^ \ 

I " V ~ RlogR'/R + 2g^ RHog^R'/Rj ' ^ '^^^ 

The expressions obtained for S, T, U are: 



s ^ 


Gtt 




87r 


^2 log 


R' 
R 




T f= 


27r 1 






U « 


i . 








r'2 



g) ) {RlogR'/R) 

.12 



2 ' 



r ■ 



{R\ogR'/RY ' 



(4.37) 

(4.38) 
(4.39) 
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Figure 1: Plot of the oblique parameters as functions of the B — L kinetic term on the 
TeV brane, normalized as r]' = r' /{RXogR' / R). The grid lines point to the region where S 
vanishes. These results include higher order corrections in the log and r' expansion, and we 
also checked them numerically. 



In this case, as g' / g = tanOw < 1, the additional contribution to S is negative. This 
means that this contribution can cancel the positive log- suppressed result in Eq. (I3.24|l . In 
Fig. n we plotted the numerical values of the oblique parameters, as functions of the properly 
normalized B — L kinetic term. S vanishes for r'/ {Rlog R' / R) ~ 0.15, a small value. We also 
find a negative contribution to T, that is ~ —0.4 when S vanishes and a small contribution 
to U from higher orders, U ~ 0.02. However, to T there will also be other moderate positive 
contributions of order ~ 0.1 at the loop level from the t', b' sector. 

It is now important to examine how the spectrum is changed. The W resonances are 
clearly left unchanged, while in Fig. |21we plotted the masses of the first three Z resonances. 
The Z mass is clearly left unchanged, being an imput parameter. However, the degeneracy of 
the first resonances originally at 1200 GeV is split. One boson is left stable around 1200 GeV, 
while the other becomes light and if 5* = its mass drops to ~ 300 GeV. Increasing the 
95r/95L mass ratio one can raise the Z' mass to about 400 GeV before perturbative unitarity 
is lost. In other words, this scenario predicts a light Z'. Its couplings to the fermions are 
fixed by the wave function on the Planck brane: 

^?54''^ (R) n + -qA^^ (R) I . (4.40) 
We have numerically computed: 

^£!e^ 03 ^2^^, 8 (441) 
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Figure 2: The spectrum of the first three Z resonances as a function of the B — L kinetic 
term, normahzed as rj' — r' / {Rlog R' / R) . 

so that our extra Z' mainly couples as a sequential hypercharge Z'. Numerically, compared 
with the electric charge, the coupling is ~ 0.2eY/2. This particular case is not fully cov- 
ered in the literature [22], however the coupling should be small enough to escape direct 
production limits, mainly coming from the Tevatron (and also at LEP2). Another issue is 
the presence of induced 4-fermion couphngs. Bounds on Z' masses vary between 150 and 
800 GeV from 4 Fermi operators at HERA [23], depending on the precise structure and 
strength of the coupling of the extra Z' to SM fcrmions. However, the particular case of a 
sequential hypercharge Z' needs to be investigated in detail, which is beyond the scope of 
this paper. 

5 Conclusions 

We have calculated the tree-level oblique corrections to electroweak precision observables 
generated in higgless models of electroweak symmetry on a warped background. In the 
absence of brane induced kinetic terms (and equal left and right gauge couplings) we find 
the S parameter to be ~ 1.15, while T,U ~ 0. Planck brane induced kinetic terms and 
unequal left-right couplings can lower S, however for sufficiently low values of S tree-level 
unitarity will be lost. A kinetic term locahzed on the TeV brane for S\J{2)r) will generically 
increase S, however an induced kinetic term for U{1)b-l on the TeV brane will lower S. 
With appropriate choice of the value of this induced kinetic term S* ~ can be achieved. In 
this case the mass of the lowest Z' mode will be lowered to ~ 300 GeV. 
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